Abstract-This paper presents a new wireless inductive power transfer topology using half bridge current fed converter and a full bridge active single phase rectifier. Generally, the efficiency of inductive power transfer system is lower than the wired system due to higher power loss in Inductive 
I. INTRODUCTION
ased on the report of Statista in 2015, near 1.3 billion vehicles are being used over the world [1] . Mostly, they use petroleum-powered internal combustion engine, which is costly and causes environmental pollution. Electrical vehicles (EV) are becoming increasingly popular, since they cause less air pollution, cheaper to run, cheaper to maintain and come along with many other benefits. This trend can be seen from more than six fold increase of annual EV sales from 2011 to 2015 [2] .
Onboard chargers are a profitable part of electric vehicles (EVs) as they free drivers from the reliance on quick dc charging stations. At present, it is often seen that chargers for EVs are made as independent units when they are set on board. Contrasted with a vehicle without a locally available charger, these units negatively affect the cost, weight, and extra space in the vehicle. Nonetheless, control electronic parts that frame a normal installed charger do not vary from the components that as of now exist on board and that are required for impetus [3] .
Nikola Tesla proposed the first Inductive Power Transfer (IPT) without a magnetic core about a century ago. During the past century a magnificent development has been done on low power, closely coupled wireless charging methods, while the wireless chargers are available for portable and wearable devices [4] . Fig. 1 . shows the schematic of wireless power transfer for electric vehicle. The enormous benefit of wireless inductive charging is the absence of the need of the vehicle to be plugged in and hence, the charging process can occur in a wide range of places such as in a garage overnight, at traffic lights, outside a shop, at workplace, etc. [5] . Although, this technology has several obvious advantages but it has significantly less efficiency than the wired charging system due to higher copper loss in IPT coils. This paper proposes a novel technique to improve system efficiency by introducing synchronous rectification of rectifier circuit.
A variety of wireless inductive power transfer (IPT) topologies based on different types of transmitter and receiver coils resonances are discussed in [2] , [6] - [8] . A new inductive wireless power transfer topology using current-fed half bridge CLC transmitter LC receiver configuration has been proposed in [9] where a passive rectifier and voltage doubler is used to get the DC output voltage. Owing to passive rectification, the conduction loss of rectifier diodes are significantly high for low voltage battery charging applications. This paper proposes a new IPT topology with full-bridge active rectifier at receiver side to enable synchronous rectification. This helps to improve overall efficiency considerably, thereby making it more suitable for practical use. To ensure that the DC link current, is remains continuous, a slight overlap is applied to S1 and S2. This small overlap is considered in steady state operation. Furthermore, to achieve Zero Voltage Switching (ZVS), the operating power factor at the output of the half bridge current fed inverter is considered to be lagging.
Interval 1 [t0-t1-t2]: Consider at t0 instant switch S1 is on and switch S2 is off. During t0-t1-t2, the complete DC link current passes through S1, while at the same time period the voltage across (S2-D2) is equal to vi. S2 blocks this positive voltage. On the ASPR side during t0-t1 period, the rectifier input current, i2 is positive. By turning S3 and S4 on, the power is delivered to the load. At instant t1, since current i2 enters the negative cycle; therefore, S3 (S4) are turned off and S5 (S6) conducts for half a period. The Equivalent circuits of ASPR is shown in Fig. 4 (a) and Fig. 4 (b) for the time intervals t0 to t1 and t1 to t4 respectively.
Interval 2 [t2-t3-t4]:
At instant t2, although device S2 is triggered, but the first leg of inverter (S1-D1) keeps conducting since, the voltage across the leg (S2-D2) is negative. By turning off S1 at instant t3, the total DC link current is transferred to (S2-D2). At the same instant, S1 blocks the positive voltage appears across (S1-D1). Also during this time interval, S3 (S4) are turned off and S5 (S6) conducts till t4.
Interval 3 [t4-t5-t6]: at instant t4, the rectifier input current crosses zero and enter the positive cycle again. At the same time by sensing the zero crossing of receiver coil current, S3 (S4) starts conducting. The AC side equivalent circuit of the converter is shown in Fig. 5 . Where R1 and are R2 are the transmitter coil and receiver coil resistances respectively. Since the main application of proposed converter is low-voltage and light-load EV battery charging to achieve higher current. Therefore, TC to RC turns ratio has to greater than unity. 
where, M is the mutual inductance between TC and RC, n is the turn ratio of the transformer shown in Fig. 1 which is always less than one for the mentioned application. 
Using equations (2) and (3), the equivalent load from ASPR input side according to the output resistive load, R can be given as = .
(4) The inverter output current ii can be calculated by applying Kirchhoff's current law (KCL) at transmitter side in Fig. 6 as
Similarly by applying Kirchhoff's voltage law (KVL), RMS value of inverter output voltage, vi can be derived by
III. WIRELESS PAD DESIGN IPT pads come in a variety of shapes with their own special advantages and disadvantages such as U-cores, E-cores, Scores, pot-cores and ferrite discs. To improve the magnetic field of pads ferrite cores are often used although they are bulky, expensive and fragile. The pads on receiver and transmitter side must be compatible with each other. Also they must operate at the same frequency. Furthermore, connections and power rating of two pads must be compatible. The maximum efficiency can be reached is determined by the figure of merit (FOM) which is formulated as =
where, k is coupling coefficient and Q represents the quality factor. Since FOM is specified by k and Q, it limits the maximum efficiency:
Fig. 7. Structure of a circular power pad
By increasing k and Q, maximum efficiency can be achieved. However k is limited due to the distance between receiver and transmitter coils. On the other hand designing the high value of factor Q is considerably important to improve efficiency. Higher switching frequency will directly increase the value of Q, but this will be at the expense of higher switching loss. Additionally, to achieve high Q increasing the inductances can cause efficiency reduction since the resistance of coil will be increased depending on the inductance. A 2D finite element analysis (FEA) can be used to calculate self and mutual inductance between primary and secondary pads, ohmic loss in coils, core loss in ferrites, stray loss in aluminum shield and electromagnetic field emission of the system. Detail design and performances are reported in [10] .
IV. EFFICIENCY ANALYSIS
In WPT applications the distance between wireless pads and load changes frequently. A dynamic wireless power transfer is an effective solution to solve short millage and long charging time of EVs. Moreover, multiple charging keeps the battery in a high state of charge, operates more efficiently, and extends battery's life. Power control (fast charging, slow charging or no charging) and efficiency maximization are preferred to be done by an ASPR at secondary side for ground facilities of dynamic charging. According to the main application which is lowvoltage light-load EVs battery charging, MOSFETs have noticeable less conduction losses than diodes, which is another motivation to use ASPR to improve efficiency. Equations (9) and (10) show MOSFETs and Diodes conduction losses respectively. = ( ) .
( )
where, ( ) is the drain-source on-state resistance, To enhance the performance of WPT converter an ASPR based control strategy is adopted. By modifying the pulse width of the ASPR and phase shift between the first harmonic of the receiver current and the input voltage of ASPR, the overall impedance of load is fully controlled. Fig. 8 represents the operating waveform of the receiver's current and the ASPR's voltage to give an idea for ASPR's behavior with the following assumptions that taking receiver's current as reference, all the semi-conductors are ideal without any parasitic resistance and capacitor, the voltage of the dc load bus remains constant [6] . Each of these three behaviors can be achieved by using unipolar switching that S3 and S6 (S4 and S5) must operate complimentary.
VI. SIMULATION AND EXPERIMENTAL RESULTS

a) Simulation results
Impedance and power factor angle at the input of transmitter coil resonance network for Vo/Io=2 is shown in Fig.  9 . It is clear that when the inverter switching frequency is decreased from unity power factor line, the input impedance will be reduced. Therefore, power transferred is also diminished. Operating frequency is calculated through Fig. 6 which shows the best power factor appears at 46.8 kHz. Moreover based on the mentioned application the step down transformer ratio is designed to be 1: 0.33. The converter is being fed by a 200 V DC voltage source. The output voltage Vo, output current Io and rated power are 50 V, 25 A and 12.5 kW respectively. Fig. 10 shows the simulation results of inverter output current and voltage at rated load. Simulation results of rectifier input current and voltage and load current and voltage are presented in Fig. 11 and Fig. 12 , respectively. By using a Single phase active rectifier instead of a passive rectifier the efficiency of converter is improved to 4.5 %. Table 1 compares conduction losses between a single MOSFET and a single diode at the same rated voltage and current. To verify the simulation results and mathematical analysis a scale down lab prototype is developed. Fig. 13 shows the experimental set-up, where DSP TMS320F28335 is used as digital controller and SKHI 61(R) is used as a gate driver.
Selected circuit parameter values for converter are listed in Table 2 . Fig. 14 shows experimental results of the proposed converter for the same operating frequency as simulation. Fig. [ 14(a) represents experimental results of AC current and voltage at the output of current-fed half bridge inverter which are almost in the same phase when converter operates in rectifier mode. Fig. 14(b) shows experimental results of voltages across transmitter and receiver coils when the output power is 190 W. Also wireless pads are built to operate as a transformer for required application with turns ratio of 1: 0.33. Voltages across transmitter coil and receiver are 628V and 214V respectively which confirms that the wireless pad operates as a stepdown transformer with the turns ratio of 1: 0.34. Fig. 14(c) shows the experimental results of voltage and current at the input of active single phase rectifier. It is clear that vr leads i2 and the output load provides inductive reactance for the IPT system. Finally  Fig. 14(d) shows the DC current and the voltage at the output side of ASPR where a resistive load of 2.33 Ω and a filter capacitor of 100 μF has been connected in parallel with the rectifier output. The voltage and current are 21V and 9A respectively.
VII. CONCLUSIONS
A new inductive power transfer topology using half bridge current-fed inverter and active single phase rectifier is proposed for low-voltage light-load electrical vehicles battery charging applications. MOSFETs have noticeable less conduction losses than diodes in low voltage high current applications. Implementing synchronous rectification technique, the proposed system shows more than 4% efficiency improvement compare with existing converters. Generally, wireless power system have little lower efficiency than wired systems. This work will compensate this demerit of wireless system significantly. Steady operation and performance of the converter is verified using simulation results performed in Matlab Simulink. A scale down lab-prototype was built to confirm the simulation results and mathematical analysis.
